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Abstract
The indoor thermal quality is one of the main study topics in the sustainable building field. The HCRI-BIPV smart 
window was developed to be used in the indoor environmental control on building living quality. This paper 
describes the 0.75 kWp capacity of grid-connected system by photovoltaic energy, which was controlled by indoor 
thermal environment. The monitoring research scale is the office time, whose data is recorded between 08:00 am to 
17:00 pm. When the indoor temperature was arrived 26 C or higher, the windows would be opened to cool down by 
the fresh air, which made the indoor temperature less than 10 C and more. T      
the smart window system has 130.01 wKh of the in six months research. For consideration of each evaluated factors, 
the HCRI-BIPV smart window not only offer the passive energy situation for its power loading but also improve the 
indoor thermal environment by natural ventilation. The research presented an intensely interesting data for Taiwan 
BIPV smart window development between the BIPV application and building energy design.
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1. Introduction
The HCRI-BIPV smart window systems were finished the construction in Dec. 2010. The research 
arms on the thermal effects of the indoor environmental quality, which used the solar material, the high 
color rendering index(HCRI) PV modules, to replace the glass window site (see Fig. 1). There are two 
window systems and the five HCRI-BIPV modules at each study room. The study models are face to 
southeast on the vertical setting and location has been installed in the Industrial Technology Research 
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Institute (ITRI), where is the 24°46’ North Latitude and 121°02’ East Longitude in north Taiwan. The 
purpose of the paper is doing the study of the thermal effects by the HCRI-BIPV smart window, whose
self power performance can not only offer the power loading by itself to control the window system by 
indoor temperature sensor but also improve the indoor air environment by natural ventilation system.
2. Project Discussions
2.1. Material Discussion
The HCRI-BIPV module is one kind of the a-Si module, which is the main material to be used to 
replace the window side. The a-Si solar cell was laminated between two glasses, which has 30% 
transparency that can easy to lead into the daily light from sustainable resources ( see Fig. 2). The scale of 
the window module is 1100 mm × 1300 mm for each and the power efficiency is 4.20%, as in Table 1.
2.2. The Light Trapping Discussion of the HCRI Module
The a-Si PV module has a special feature to transfer the different light-weave for the electrical power, 
that get the light trapping between 1.7 eV to 1.8 eV (see Fig. 3) [1]. The HCRI module is suitable to 
transfer the diffuse light wave to be the electric power for human using and replace the building materials
on the façade and the vertical setting.
2.3. The Research Scale Discussion
There are two rooms designed on the research, which are the experimental group and the control group. 
The area of the research room is 34.10 m², whose scale is 5.5 m x 6.2 m in each(see Fig. 4). The two 
rooms are in the same research scale and the environmental situation on the case study. At each room face 
of the window section, it has been designed by five HCRI-BIPV modules.
2.4. Smart Window System Discussion
There are two window systems, which has five pieces HCRI-BIPV modules in each system section.
The total capacity of the HCRI-BIPV is 0.75 kWp. The smart window has been planned to use its own 
power for controlling the engine by the indoor temperature. The window will close, when the indoor 
Table 1. The specification of a HCRI-BIPV module
HCRI-BIPV module Specification
Type
Module efficiency (ηpv)
Maximum power(Pmax)
Maximum power voltage(Vmp)
Maximum power current(Imp)
Open circuit voltage(Voc)
Short circuit current(Isc)
Module area (Apv)
Number of Systems
Poly-crystalline a-Si
5.24%
75.00W
106.75 V
0.75 A
137.8 V
0.92 A
1100 mm x 1300 mm
2 systems
Number of Modules/each system 5 pics
Total Number of Modules 10 pics
Fig. 1. The study model of the the HCRI-BIPV 
smart window
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temperature is lower than 26℃ or without the office time. If the indoor temperature is higher than 26℃, 
the smart window system will be opened. On the other contrary, when the temperature is higher than 31℃, 
the window will be closed and cooled by air condition. An excess of the electric power will incorporate 
into public grid system. 
2.5. Monitoring Discussion
The factors of the wireless monitoring study included irradiation, indoor temperature, the power 
performance and energy loading. There are two wireless meter to monitor the DC string from HCRI-
BIPV system and the AC string from the power inverter. The energy loading setting is in the AC site, 
which offers the power for the window starter. It also has a meter at the end of the on-grid system to 
monitor the power. The energy measurements were following the test standard of IEC 61724[2]. In order 
to evaluate system performance, the pyranometer was coincided with ISO 9060 Second Class, which 
the irradiation data was sampled each time pre- ten seconds and recorded each time pre- minute.
2.6. The Standard of Thermal Environmental Condition Discussion
Thermal comfort is the main target on the thermal environmental research of the office scale. There are 
huge scopes on both physiologically and psychologically from person to person and human to 
environment. The comfortable conditions are difference and difficult to satisfy everyone, who has the 
same feel for everyone in one space. The research is following the ANSI/ASHRAE Standard 55-2004, 
thermal environmental conditions for human occupancy [3]. Thus, the temperature controlled rage of the 
thermal comfort study is set between 26oC and 31oC. 
2.7. Power Performance Discussion
The DMY (Daily Mean Yield) and PR (Performance Ratio) are the two values to analyze the power 
performance. The DMY is the daily power performance at per kWp system. The PR value is the power 
performance ratio at the PV system. The PR value was suggested to review the grid-connected PV 
systems, which value checking need to equal or higher than 70% [4].
Fig. 2. HCRI-BIPV module has 30% transparency
which can not only produce the electric power but 
also easy to lead into the daily light.
Fig. 3. The absorption spectroscopy analysis of  the 
a-Si solar cell and Poly-Si solar cell absorption 
spectroscopy
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Fig. 4. The research scale of the Experimental Group and the Control Group.                                                     
3. Methodology and Approach
3.1. BIPV System Analysis
The DMY, Using (1) and PR, Using (2) were the two main equations to analyze the efficiency on the 
power output of the research PV systems. The study presented the consistent with monthly irradiation 
tendency, which the system performance was influenced with the inclinations by sun revolution trajectory
[5]. 
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HI: total in-plane irradiation in kWh/m²
G0: reference irradiance (usually 1kW/m²)
Eout: system net AC energy output in kWh
P0: system rating power in kWp
3.2. The Electrical Plan of the HCRI-BIPV Smart Window
The HCRI-BIPV smart window modules is monitoring by the wireless DC string meter. There are five 
strings at the window system, which has two modules for each string. The total capacity of the window 
system is 0.75 kWp.  Those strings pass the junction station to the inverter, and then connect with the 
public grid system.  The loading of the window controller is set in the AC site. The indoor temperature
sensor was set to drive the window detector system (see Fig.5).
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Fig. 5. HCRI-BIPV smart window system plan
4. Results 
During the six months monitoring, the accumulation power performance of the HCRI-BIPV electrical 
energy is 130.01 kWh and the accumulation power of the loading is 1.51. The window system has enough 
power not only to drive the outboard motor for the window system but also lead 128.50 kWh to feedback
into the public grid-connection for the excess electrical energy, as in Table 2.
Table 2. the accumulation power performance and consumption of the HCRI-BIPV smart window
HCRI-BIPV
Smart Window 
Accumulation Power 
Performance(kWh)
(A)
Accumulation Power
Consumption(kWh) 
(B)
Jan. 1 – Jan. 31 17.9 0.26
Feb. 1 – Feb.28 23.3 0.23
Mar. 1 – Mar. 31 14.99 0.26
April 1 – April 30 28.88 0.24
May 1 – May 31 20.40 0.26
June 1  – June 30 24.54 0.26
Total 130.01 1.51
The DMY data was from 0.65 to 1.28 (kWh/day/kWp) and the PR is around 63.0%-72.0% (see Fig. 6), 
which was too worse for the study of PV capacity of 0.75kWp system, as in Table 3. Many of the 
international domestic PV research systems are smaller than 10 kW nominal power from Germany and 
Japan. An average of the PR value is set at the basic line on 70% and the DMY value is set on the 3.12 
kWh/d/kWp in Hsinchu City on northern Taiwan. The paper result shows the four months PR value and 
DMY data are not reach the basic limit of the requirement that is not well for the PV power performance 
on window system. So the HCRI-BIPV window model was installed on vertical façade and face to 
southeastern position that the power performance is inferior anticipated.
Table 3. The value of the PR and DMY for the HCRI-BIPV smart window
HCRI-BIPV
Smart Window 
Total in-plane 
irradiation (kWh/m2)
PR
(%)
DMY
(kWh/d/kWp)
Jan. 1 – Jan. 31 37.22 64 0.76
Feb. 1 – Feb.28 43.68 71 1.10
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Mar. 1 – Mar. 31 31.50 63 0.65
April 1 – April 30 53.32 72 1.28
May 1 – May 31 42.72 64 0.88
June 1  – June 30 49.90 66 1.26
The power performance is the main issue for the general PV renewable energy research. If the field is 
on BIPV, we will consider with living quality and energy management at the same time. The thermal 
effect is one of the environmental topics to make the air condition in over loading. Because of the office 
research scale, the office time is monitored between 08:00 am to 17:00 pm. The key level temperature, 
the 26 °C, is the base line of the temperature sensor to drive the window system. In one day testing result 
of the indoor thermal research is showing the temperature was 16.5 °C difference between window 
opened and closed (see Fig 1 and Fig. 7). 
Fig. 6. The DMY and PR Analysis of the HCRI-BIPV window system
Fig. 7. The indoor thermal analysis between the window opened and closed
5. Helpful Hints
The study is using the a-Si solar cell to laminate in two glasses. Essentially, the BIPV applications are
trying to use the PV module to replace the exterior building materials, which has the electrical energy 
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producing by solar power. Thus, the data of the results shows some experience during the HCRI-BIPV 
smart window study. 
5.1. The power performance is too worse
The outdoor shadowing problem is serious to affect the HCRI-BIPV module. The external
environment makes the shadowing problem, such trees, neighbors buildings and structure, which are 
higher than the window site. 
5.2. The quality of the power is not stable to drive the window system immediately
To choosing the a-Si module is correct to drive the window controller, because its open circuit voltage 
is well on the study. The quality of the power is not stable to drive the window system immediately in the 
cloudy day. To improve the situation of the power quality, the suggestion is to set a battery between the 
inverter and the indoor temperature sensor in Fig.4. 
5.3. Multifunction of the BIPV applications
The HCRI-BIPV study is not only studying the power performance also researching its energy 
conservation of the sustainable building design by renewable energy. To add the force ventilation 
improves the indoor thermal quality because using excessive energy to design mechanical and natural 
ventilation into hybrid ventilation system and meet the zero-energy concept for the health and comfort.
5.4. Temperature control by power loading analysis 
The air condition is always using to cooling and controlling the indoor thermal environment in the 
office scale. The air condition is set the stable temperature, 26oC, to cooling down the closed window 
section during 26oC - 31oC. The total power loading is around 13.80 kWh, which is controlled the indoor 
temperature during by air condition (see Fig. 8). The power performance range of the DMY value is 
around 0.65 kWh/d/kWp to 1.28 kWh/d/kWp, which is not enough to offer the cooling loading by the air 
condition.
Fig.8. The energy loading analysis indoor temperature control by air condition
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6. Conclusion
Smart grid is one of the main energy manager concepts in the intelligent building on sustainable 
development. The net zero-energy, zero energy and passive-energy are the trend of the international 
roadmap process in the energy conservation policy.  The BIPV case study was used the window system 
design to combine HCRI-BIPV system with human life, which made the closed linkage by human 
behavior for the health and comfort living quality. The renewable energy design-in concepts, which made 
the multifunction with the usability of the building materials. Moreover, the climate feature of the BIPV 
setting needed to be considered in the design of the architectural physics by environmental control, 
especially in the humid subtropical zone, Taiwan. 
The HCRI-BIPV smart window is the success study of the passive energy system, which offer the 
electric power for its own driver and has the excess energy to lead 128.50 kWh into the public grid. The 
HCRI-BIPV window system can offer its own power to drive the window controller for cooling by the 
natural ventilation. It is not enough energy to offer the air condition to cooling down the indoor thermal 
environment, so the multifunction of the solar technology is the research direction of the indoor thermal 
comfort study. 
Finally, The BIPV case study had used the multifunction that covered three aspects: renewable energy 
using, the ventilated system and thermal controller. It became a HCRI-BIPV smart window study for the 
PV power performance with indoor thermal comfort study in Taiwan, but its value of the power quality 
was weakly to offer the power for the loading by air condition using on the project. The article gives a 
sample renewable energy and environmental control data for renewable energy planers and architectural 
designers, who are interesting on the BIPV renewable applications. Then, the research can offer a sample 
data for people, who will gain the thermal design of the sustainable building by HCRI-BIPV smart 
window research. 
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